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We believe we present the first direct measurement of the two-photon absorption (TPA) coefficient P(aTPA = PI) in LT-GaAs and show how it varies with growth and annealing temperatures. To estimate the TPA coefficient, we used a z-scan4 set up and measured the light transmitted through the sample. By fitting simulations (two-photon absorption coefficient is the only unknown) to the experiments, we can obtain values for the TPA coefficient. In Fig. 1 we show that the samples annealed at low temperatures demonstrate a TPA coefficient almost double the values for regular GaAs5 The TPA coefficient decreases with increasing annealing temperatures and approaches the values for regular GaAs (-26 c~/ G W ) .~ We also observed that the value of the TPA coefficient decreases with increasing growth temperature as shown in Fig. 1 . We verified that the measured TPA coefficient does not vary with the excitation spot size. We also measured, using the z-scan technique4 and as a function of incident light intensity, the average index change induced in the material during the time a 150-fs optical pulse is passing through the samples.
From Figs. 2(a) and 2(b), it is obvious that the refractive-index changes for a given light intensity increase as the growth and annealing temperatures increase except for the sample grown at 270°C and annealed at 900°C.
Liliental-Weber et aL6 have shown a degradation in the quality of LT-GaAs annealed at high temperatures due to As effusion. On the other hand, for the lower growth temperature, (220°C) the refractive-index changes are still increasing even for higher annealing temperatures.
When using 3-ps pulses, we measure index changes that are 25% larger than those observed for 150-fs pulses. For the 3-ps pulses, there is sufficient time for carriers to get trapped in the midgap states and then reexcited into the conduction band to generate a higher carrier concentration in the conduction band.
In conclusion, we have measured a large TPA coefficient in LT-GaAs indicating that this material could be used to advantage in optical limiting5 and autocorrelation7 devices based on TPA.
By using the refractive-index change and TPA coefficient dependence on growth and annealing temperatures, we can tailor the material to maximize the figures of merit for alloptical switching devices.' 1.
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8. Lett. 63,2248 Lett. 63, -2250 Lett. 63, (1993 74,64-67 (1996). 2086-2088 (1995) . 645-647 (1997 The invention of the scanning tunneling microscope (STM) revolutionized the field of surface science, enabling the first images of surface structure on an atomic length scale. In the quest for both atomic spatial and temporal resolution, several groups'-4 have integrated an ultrafast optoelectronic switch, which gates the current from the tip, achieving picosecond time resolution. In this paper, we describe a novel STM tip consisting of a cleaved GaAs substrate with a 1-pm-thick epilayer of lowtemperature-grown GaAs (LT-GaAs) deposited on the face. Because the LT-GaAs has a carrier lifetime of 1 ps, photoexcitation of the tip with an ultrafast, above-bandgap pulse both provides carriers for the tunneling current and photoconductively gates (with ps resolution) the current from the tip. We use this t.ip to detect picosecond transients on a coplainar stripline and demonstrate a temporal resolution of 1.2 ps in tunneling mode. While the properties of cw photoexcited GaAs STM tips have previously been s t~d i e d ,~ the combinatiomn of an LT-GaAs tip with ultrafast optical excit;ation to yield ps temporal resolution has not previously been demonstrated.
A sketch of the LT-GaAs STM tip is shown in Fig. 1 . The tip consists of a (100) GaAs substrate cleaved to a size of 0.1 mm X 0.1 mm X 0.02 mm and covered with a l-pmthick. epilayer of LT-GaAs. We emphasize the simplicity of these tips, which makes their fabrication easy and cheap. The 100-fs, 800-nm output from a mode-locked Tisapphire laser is split into a pump beam and a time-delayed probe beam. The pump beam is mechanically chopped and used to generate 2.6-ps voltage transients, which propagate on a coplanar stripline. The probe beam is delayed relative to the pump and is focused onto the LT-GaAs STM tip mounted above the stripline. The tip is mounted in an RHK STM-1000 piezocontrollNed head, which is stabilized with its own control electronics and provides a DC bias to the stripline of typically 1-7 V. The tunneling current from the tip is amplified and input into a 1oc:k-in amplifier. The lock-in output reveals the transient tunneling signal for each value of delay. When the LT-GaAs tip is illuminated with up to 30 mW of optical power, we are able to demonstrate spatial resolution of 1-10 nm using the DC tunneling current; at higher excitation fluences, the spatial resolution degrades significantly. For incident powers up to 100 mW, the transient signal from the lock-in varies linearly with the DC tunnel current. Figure 2 reveals the dependence of the transient signal on tip-sample separation for incident optical power up to 100 mW and a positive tip-sample bias of about 1 V. For lowpower excitation, the signal strength decreases exponentially with distance, as expected of a tunneling signal, while at higher optical powers, the signal remains constant up to an intensity-dependent tip-sample separation. Such behavior has been observed previously in cw excited GaAs tips5 where it was attributed to current limiting occurring when the tunneling conductance becomes large (Le., at small tip-sample separations) via the pinning of the Schottky barrier conductance. We note that those optical powers where we observe significant saturation behavior exhibit degraded spatial resolution. The inset in Fig. 2 reveals the temporal waveform in the tunneling regime. The waveform is extremely clean because detrimental propagation effects have been eliminated, and it is identical to the waveform measured in contact mode, unlike results obtained with metal tips in series with a photoconductive switch. Its width is 2.9 ps yielding a 1.2-ps temporal resolution after deconvolving the measured 2.6-ps width of the voltage transient from the response.
In contrast to STM operation with conventional metal tips, a tunneling signal is observed with no applied tip-sample bias. In this case an effective surface photovoltage is generated on the tip when the photogenerated electron-hole pairs are separated by the internal electric field. The behavior of the transient signal with no bias voltage, shown in Fig. 3 , exhibits a more marked saturation behavior at high excitation fluences. However, at low fluences, an exponential dependence of the transient signal strength with tip height is observed. A waveform obtained in this regime is shown in the inset and it exhibits the same clean behavior observed under biased conditions.Nonlinear microscopy based on femtosecond pulse illumination has found attractive applications' resulting from its increased threedimensional imaging capabilities.' We report on nonlinear microscopic imaging of detectors under two-photon excitation. Such nonlinear detectors have recently received much attention for their application in femtosecond laser pulse diagnostics. A laser scanning microscope illuminated by a fs Tisapphire laser was used to image a ZnSe photodetector3 and a lightemitting diode (LED) as a d e t e~t o r .~ The ZnSe detector, fabricated with an interdigitated finger structure (spacing 10 pm), had Ag/Ti metalization contacts and was operated in the photoconductive mode. The surface-emitting InAlGaP high-brightness LED was operated in the photovoltaic mode (no reverse bias voltage applied). Figure 1 shows the two-photon current image, the confocal reflection image, and the two-photon luminescence image for the ZnSe structure. An area where the metal fingers are detached from the ZnSe substrate can clearly be identified in the current image.
The two-photon current signal between any pair of electrodes is nonuniform and has a maximum near the anode. Because the current is dominated by electrons due to their higher mobility, the recombination time of the electron must be faster than the drift time. The latter can be estimated to be about I ns. Figure 2 shows the two-photon current image and the confocal reflection image for the LED. In the LED, the two-photon current signal is generated in a small region within 10 p m around the metalization contact. As the twophoton absorption signal is generated by carriers that reach the p n junction (thickness -1 km, mostly covered by metal electrode), the measured distance of 10 p m represents roughly the diffusion length. The ring-shaped sensitive area makes the signal optimization in autocorrelators difficult to achieve. Figure 3 shows the depth response of the two-photon current signal of the ZnSe detector and the LED. In ZnSe, the active layer is only 3 pm. To first order, the current distribution describes the electric-field distribution in the ZnSe making the nonlinear microscope a
